Summary: Following transient ischemia of the brain, the coupling between somatosensory activation and the he modynamic-metabolic response is abolished for a certain period despite the partial recovery of somatosensory evoked responses. To determine whether this disturbance is due to alterations of the stimulus-induced neuronal ex citation or to a breakdown of the coupling mechanisms, cortical spreading depression was used as a metabolic stimulus in rats before and after ischemia. Adult rats were subjected to 30 min of global forebrain ischemia and 3-6 h of recirculation. EEG, cortical direct current (DC) po tential, and laser-Doppler flow were continuously re corded. Local CBF (LCBF), local CMR g lc (LCMR g1 c), regional tissue contents of ATP, glucose, and lactate, and regional pH were determined by quantitative autoradiog raphy, substrate-induced bioluminescence, and fluorom etry. Amplitude and frequency of the DC shifts did not differ between groups. In control animals, spreading de pression induced a 77% rise in cortical glucose consump tion, a 66% rise in lactate content, and a drop in tissue pH of 0.3 unit. ATP and glucose contents were not depleted.
If cerebral global ischemia exceeds 10 min, long lasting impairment of neurological function will re sult. In the four-vessel occlusion model in rats that allows long-term survival after an ischemic impact, disturbances of sensorimotor integration and motor performance persist for at least 2 days (Combs and D' Alecy, 1987) , although the supply of energy-rich phosphates is replenished within 1 h (Pulsinelli and Duffy, 1983; Naruse et al. , 1984) .
It has been suggested that despite the early re covery of energy metabolism, impaired neurologi-During the passage of DC shifts, transient increases «2 min) in laser-Doppler flow were observed, followed by a post-spreading depression hypoperfusion. A comparable although less expressed pattern of hemodynamic and metabolic changes was observed in the postischemic rats. Although baseline LCMR g lc was depressed after isch emia, it was activated 47% during spreading depression. Lactate increased by 26%, pH decreased by 0.3 unit, and ATP and glucose remained unchanged. The extent of the transient increase in laser-Doppler flow did not differ from that of the control group, and a post-spreading de pression hypoperfusion was also found. The results dem onstrate that the postischemic brain may, although to a lesser degree, cover additional energy demands. The pre viously observed suppression of functional activation af ter ischemia is probably caused by both alterations in afferent synaptic transmission and subsequent neuronal excitation and the diminution of the metabolic response to a local stimulus as observed during spreading depres sion. Key Words: Coupling mechanisms-Functional ac tivation-Ischemia-Spreading depression.
cal function could be the consequence of a relative energy deficit because the functional-metabolic coupling mechanisms are disturbed. Under physio logical conditions, an increase in neuronal activity is accompanied by a rise in regional CBF and glu cose utilization, which is thought to fuel the energy needs of neuronal function (Leninger-Follert and Hossmann, 1979; Ginsberg et al., 1987 Ginsberg et al., , 1988 . Fol lowing global ischemia, this coupling is severely disturbed, as indicated by the suppression of func tional activation of glucose utilization normally in duced by whisker stimulation (Dietrich et aI., 1986) .
Recently we confirmed that 3 h after 30 min of ischemia, somatosensory stimulation no longer leads to functional activation of cortical glucose uti lization and blood flow as it does in normal animals (Ueki et al. , 1988) , although amplitudes of primary evoked potentials recover to 30% of control values. However, the possibility that the absence of meta-bolic activation was due to a reduced degree of in duced neuronal activation could not be excluded since slowing of EEG (N arose et ai., 1984; Mabe et ai., 1986; Todd et ai., 1986; Schmidt-Kastner et ai., 1989) and deformation of somatosensory evoked potentials (Grotta et ai., 1986) indicate severe dis turbances of cortical afferent neuronal transmis sion. To use a metabolic stimulus that does not de pend on the integrity of the afferent pathways, cor tical spreading depression was elicited in normal and postischemic rats.
MATERIALS AND METHODS
Twenty-one adult male Wistar rats were used. Nine animals were controls; the other animals were investi gated 3-6 h after 30-min global forebrain ischemia, pro duced by a modification (Schmidt-Kastner et aI., 1989) of the four-vessel occlusion model of Pulsinelli et ai. (1982) .
Control animals
Control animals (n = 9, 250-370 g) were anesthetized with pentobarbital (50 mg/kg) before catheters were in serted into femoral arteries and femoral veins on both sides. The trachea was intubated and after immobilization with curare (1.5 mg/kg), artificial ventilation was carried out with 30% oxygen. Body temperature was kept near 37°C with a feedback-controlled heating lamp. The ani mal's head was fixed in a stereotaxic frame and the skull was exposed. To record the direct current (DC) potential from the right frontal cortex, a nonpolarizable electrode (Ag-AgCI or Hg-HgCl) was placed extradurally through a trephined hole. Bipolar EEG was recorded from the right parietal cortex by means of two Ag-AgCI electrodes placed in bone excavations. In three animals, the probe of a laser-Doppler flowmeter (Perimed F2) was placed 2-3 mm above the thinned skull caudally to the DC electrode and laser-Doppler tlow was continuously monitored. Re petitive spreading depression was induced in the right cortex by placing a little cotton ball soaked with 40% KCI on the dura over the right parietooccipital cortex.
Following the initiation of spreading depression, in three animals a bolus of 50 fLCi of [ 1 4C]deoxyglucose was injected and allowed to circulate for 30 min. Arterial blood samples were taken for determination of the tracer input function and of plasma glucose levels. At the end of the tracer's circulation period, heads were frozen in situ with liquid nitrogen using the funnel technique of Ponten et ai. (1973) . Brains were removed in a cold box. Coronal brain sections (20 fLm) were processed for quantitative autoradiography and local CMR g 1c (LCMR g1 c) was calcu lated using the algorithm of Sokoloff et ai. (1977) . The local contents of ATP, glucose, and lactate were determined on adjacent sections by substrate-induced biolumi nescence (Paschen et aI., 1981; Paschen, 1985) , and local tissue pH was determined by fluorometry according to Csiba et ai. (1983) using the pH indicator umbelliferone.
Local CBF (LCBF) was measured in three other ani mals. After repetitive spreading depression had been elic ited, 50 fLCi of [14C] iodoantipyrine was injected at a con stant rate over a period of 60 s. Arterial blood samples were withdrawn during infusion at 4-to 5-s intervals. Shortly (1-3 min) after three to four DC shifts had passed the frontal DC electrodes, animals were decapitated and brains were removed and frozen in methylbutane chilled to -50°C. Coronal sections (20 fLm) were processed for quantitative autoradiography and LCBF was calculated according to Sakurada et ai. (1978) .
Quantitative measurements were carried out in four sections (2.0-2.5 mm apart) for ATP, glucose, and lactate and in eight sections (1.0-1.5 mm apart) for LCMRg1c and LCBF. In each section, regions of interest were outlined and average values for ipsi-and contralateral cortex were calculated. Sometimes, restricted areas with abnormally high or low metabolic values were observed in the occip ital cortex underlying the trephination for the application of KCI. These regions were therefore spared when out lining the region of interest. Values for tissue contents of ATP, glucose, and lactate in the stimulated cortex were expressed as percentage differences compared with ho motopic regions of the contralateral hemisphere.
Ischemic animals
Global forebrain ischemia in these animals (n = 12, 205-310 g) was performed in two stages. On the first day, both vertebral arteries were cauterized through the fo ramina of the alae vertebrales. One day later, animals were anesthetized again with halothane and nitrous oxide and cerebral ischemia was produced by cross-clamping the carotid arteries for 30 min. Interhemispheric EEG was recorded using subdermal needle electrodes or with extradurally implanted steel screws. Only animals with complete suppression of electrophysiologic function (iso electric EEG) during ischemia were investigated further. After 2-3 h of recirculation, they usually righted them selves and showed behavioral responses to external stim uli. Rats were then reanesthetized with pentobarbital (50 mg/kg) and preparation, elicitation of spreading depres sion, and measurements were carried out as described for control animals. Five rats were used for determination of LCMR g 1c, another five rats for LCBF measurements with e4C]iodoantipyrine, and two for continuous recording of laser-Doppler flow.
As in control animals, differences between stimulated and unstimulated cortex in each plane were tested for statistical significance by Student's paired t test. Differ ences between the control and the ischemic group were tested for statistical significance by the Mann-Whitney U Values are means ± SO. Differences between control and postischemic rats (Mann-Whitney U test) were not significant. 
RESULTS
General physiological variables measured during spreading depression are summarized in Table 1 . Arterial blood gases, pH, glucose, hematocrit, and mean arterial blood pressure did not differ signifi cantly between the groups. In the animals that were used for the measurement of LCMR g lc , spreading depression resulted in three to eight DC shifts in the control and three to seven DC shifts in the postisch emic group during the circulation period of the de oxyglucose. The time lag between the last DC shift and the brain freezing was 8.3 ± 7.7 min in the control and 5.6 ± 3.8 min in the postischemic group (NS). As Table 2 shows, DC shifts had the same amplitude and frequency in both groups.
Control animals
Representative recordings from a control animal are shown in Fig. 1 (top) . After the application of KCI, a marked depression of EEG occurred, which was synchronous with the typical DC shift. The EEG amplitude recovered only slightly during the next DC waves. Continuous measurement of laser Doppler flow (Fig. 2, left) revealed transient hy peremia during the passage of a DC shift. The peak flow was expressed as a percentage of the control flow before each transient increase. As illustrated in before SO dur ing SO Fig. 3 , a significant increase to 210 ± 55% (p < 0.001) was observed in the control animals. An increase in cortical glucose utilization (Fig.  4A ) was observed in all sections from the frontal to the caudal pole. It affected all cortical layers to the same degree. Quantification of autoradiographs (Fig. 5 ) revealed a significant (p < 0.05) activation of glucose consumption in most of the sections, in cluding those farthest from the occipital pole where spreading depression was elicited. Mean LCMR g lc amounted to 30 ± 5 j.Lmo1/100 g/min in the unstim ulated and to 52 ± 12 j.Lmol/100 g/min in the stimu lated cortex.
CBF was measured using e4C]iodoantipyrine 1-3 min after three to four DC shifts had passed the frontal DC electrodes. A post-spreading depression hypoperfusion as described by Lauritzen et al. (1982) was observed in the cortex of the ipsilateral hemisphere (Fig. 6 ). Mean LCBF amounted to 95 ± 7 ml/100 g/min in the unstimulated cortex and was reduced by 33% to 64 ± 10 ml/100 g/min (p < 0.05 in five sections) in the stimulated cortex.
The values for the metabolic parameters obtained at the end of the experiment are shown in Figs. 7 and 8. Mean lactate content significantly increased by 66 ± 28% (p < 0.05 in three sections) and tissue pH declined by 0.3 unit (NS). After repetitive spreading depression, ATP did not change, but a slight decrease of glucose content by 17%, which was significant (p < 0.05) only in one section, was observed.
Postischemic animals
Recordings from a rat 5 h after ischemia are illus trated in Fig. 1 (bottom) . Postischemic EEG showed only discontinuous spike activity, which re mained present after the initiation of spreading de pression. However, the time course of spreading depression could easily be followed in the recording of the DC shifts. As in the control animals, transient increases in cortical laser-Doppler flow were ob served during the passage of DC shifts (Fig. 2 . At the peak of the hyperperfusion, a signifi cant increase in blood flow to 182 ± 25% (p < 0.001) was observed in the postischemic group (Fig. 3) . Differences between groups were not significant. After ischemia, glucose utilization was globally depressed. Spreading depression was accompanied by an increase in glucose utilization in all sections from the frontal to the caudal pole (Fig. 4B ). How ever, in some animals, glucose utilization was less activated in the temporal cortex than in the parietal cortex. Quantification (Fig. 5) revealed that glucose utilization amounted to 18 ± 3 j.Lmol/lOO g/min in the unstimulated cortex and was significantly in creased by 47% to 26 ± 5 j.Lmol/l00 g/min (p < 0.05 in four sections) during spreading depression.
As in the control animals, CBF during repetitive spreading depression was measured with [14C] iodo antipyrine with a lag of 1-3 min between the last of three to four DC shifts and the injection of the tracer. Mean postischemic LCBF (Fig. 6) (Fig. 8) were not seen following repetitive spreading depression.
DISCUSSION
In the control animals of the present study, spreading depression induced the well-known met abolic and hemodynamic response, characterized by a marked stimulation of glucose consumption (Shinohara et aI., 1979; Gjedde et aI., 1981; Mies and Hossmann, 1981) and lactate production (Kri vanek, 1961; Quistorff et aI., 1979; Mutch and Hansen, 1984) , a drop of tissue pH (Mutch and Hansen, 1984; Csiba et aI., 1985) , and a transient hyperemia followed by a post-spreading depression hypoperfusion (Lauritzen et aI., 1982; Lauritzen, 1984) . Most of the former studies in rats were car ried out under barbiturate anesthesia, which was therefore also used in the present study. Following global ischemia and 3-6 h of recirculation, the DC shifts accompanying spreading depression had the same magnitude and frequency as in the control an imals. A similar hemodynamic-metabolic response was observed, although the activation of glucose metabolism was less expressed.
Using the same ischemia model, we demon strated that, in contrast to spreading depression, functional activation of glucose utilization and blood flow by somatosensory stimulation is abol ished after ischemia (U eki et aI., 1988) . The ob served difference in the metabolic and hemody- '-!---T� are reversed only during the action potentials. However, some extracellular accumulation of po tassium may occur during intense stimulation, but levels will increase < 1 mmollL (Heinemann and Lux, 1977) . Therefore, energy is consumed mainly by the neuronal Na, K-ATPase and for the active removal of the slightly elevated potassium from the extracellular space (Cordingley and Somjen, 1978) . During spreading depression, there is also a tran- , -2 0 -6 -I.
-2 0 2 mm distance from bregma distance from bregma sient excitation of neurons (Sugaya et aI., 1975) , but subsequently neurons and glial cells will completely depolarize, leading to a rise of extracellular potas sium up to 60 mmollL and to an influx of sodium and calcium into the cells (Hansen and Zeuthen, 1981) . The restoration of normal neuronal and glial ion gradients is therefore the main energy consuming process during spreading depression. The amount of energy utilized by the glial cells is not known for both kinds of stimulation owing to the limited spatial resolution of the deoxyglucose method (Yarowsky and Ingvar, 1980) , but it is prob ably much higher during spreading depression. Monitoring of the mitochondrial NADH levels has suggested that the total energy demand of the cor tex during spreading depression is several-fold higher than during somatosensory (thalamic) stim ulation (Rosenthal and Somjen, 1973) . In addition, a substantial portion of glucose is used by anaerobic glycolysis during spreading depression, which might be explained by the hypothesis that the Na, K-ATPase in the cell membrane requires glycolyti cally generated ATP (Lipton and Robacker, 1983) .
The different mechanisms involved are also re flected in the electrophysiological recordings. The evoked potentials that are of pure neuronal origin recovered only 30% of their preischemic amplitude in the former study, whereas the amplitudes of the spreading depression-induced DC shifts, which re flect mainly extracellular potassium (Prince et aI., 1973) that is released from both neurons and glial cells, did not differ from control values.
The focal increase in blood flow during somato sensory stimulation is thought to adjust local supply to demand, whereas the blood flow changes during spreading depression seem to be an epiphenomenon that is not observed in isolated, nonvascularized tis sue (Ferreira-Filho and Martins-Ferreira, 1982) and that has also been classified as reactive rather than functional hyperperfusion (Lauritzen, 1987) . Al though the mediators of the hemodynamic response are not known, extracellular potassium, which acts as a vasodilator in concentrations below 10 mmollL and as a vasoconstrictor above this level, is one of the main vasoactive compounds released during spreading depression (Hansen et aI., 1980) . This would explain the present observation that the ce rebral vasculature maintains its local reactivity after ischemia.
In conclusion, this study demonstrates that the postischemic brain tissue may, although to a lesser degree than the normal brain, increase its glucose utilization to meet the additional energy demands during spreading depression. The previously ob served absence of functional activation during so-J Cereb Blood Flow Metab, Vol. 10, No. 4, 1990 matosensory stimulation is probably due to both the diminution of the metabolic response to a local stimulus, indicated by the reduced activation during spreading depression, and to alterations in afferent synaptic transmission and subsequent neuronal ex citation, reflected in amplitude reduction of the evoked potential.
